Nicotinic acid phosphoribosyl transferase (NAPRTase) and nicotinamide deamidase activities from Salmonella typhimurium were examined regarding their regulation by either feedback inhibition or repression mechanisms. The results indicate that neither enzyme is subject to feedback inhibition. Nicotinamide deamidase does not appear to be under repression control. NAPRTase, however, is repressed when cells are grown in minimal medium supplemented with various intermediates of the pyridine nucleotide cycle. The concentration of exogenously supplied pyridine nucleotide necessary to effect repression of NAPRTase was found to be that concentration which will result in a nadA mutant generation time of less than 60 min. Furthermore,.the results presented indicate that nicotinamide adenine dinucleotide is the actual corepressor molecule. The analogs 6-aminonicotinic acid and 6-aminonicotinamide were also capable of repressing NAPRTase, but only when an intact pyridine nucleotide cycle permitted conversion to 6-aminonicotinamide adenine dinucleotide. The role of a repressible NAPRTase is discussed in relation to the overall functioning of the pyridine nucleotide cycle.
The metabolism of nicotinamide adenine dinucleotide (NAD) by Salmonella typhimurium and Escherichia coli ( Fig. 1 ) includes a de novo biosynthetic pathway as well as two pyridine nucleotide cycles (PNC). The two cycles can be distinguished according to the number of enzymes involved (Fig. 2) . PNC VI makes use of six enzymatic activities, which recycle NAD through nicotinamide (NAm) and nicotinic acid (NA). PNC IV, on the other hand, possesses several of the PNC VI enzymes but utilizes nicotinamide mononucleotide (NMN) deamidase to convert NMN to nicotinic acid mononucleotide (NAMN), thus bypassing the NA and NAm intermediates. The result is a four-enzyme cycle (5) ., Studies on the regulation of NAD metabolism in E. coli have shown that two enzymes of the de novo pathway, quinolinic acid (QA) synthetase and QA phosphoribosyltransferase, and one enzyme of PNC VI, nicotinic acid phosphoribosyltransferase (NAPRTase), are under some form of regulation. QA synthetase is apparently under control by both feedback inhibition and end-product repression (2, 8, 17) , whereas QA phosphoribosyltransferase is controlled only by feedback inhibition (17) . In contrast, NAPRTase exhibits only end-product repression (10) . The other members of the cycle do not appear to be under any control.
Research on the regulation of NAD metabolism in S. typhimurium has been less extensive. The only report is that of Imsande (9) , who, in the course of conducting a comparative study using several bacterial genera, demonstrated that the NAPRTase of S. typhimurium is repressed during growth in NA-supplemented medium.
The results presented in this paper indicate that neither NAPRTase nor nicotinamidase, the products of the pncB+ and pncA+ genes, respectively, exhibits feedback inhibition in S. typhimurium. NAPRTase, however, was repressed when assayed from cells grown on various PNC internediates. The data also provide evidence indicating that before a repression signal is generated the intermediates of the PNC must be converted to NAD. Fig. ) . analytical quality. NA, NAm, NMN, NAMN, 6-aminonicotinic acid (6-ANA), and 6-aminonicotinamide (6-ANAm) were purchased from Sigma Chemical Co., St. Louis, Mo., and were checked for purity using chromatographic techniques described previously (5, 11 Culture media and growth of cells for enzyme analysis. The culture media used were described previously (5, 6) . Growth was obtained as foilows. A 10% inoculum was prepared by mixing 50 ml of an overnight culture of the strain to be tested in 500 ml of fresh minimal medium. This medium was supplemented with various pyridine nucleotides at concentrations described in Results. Incubation was carried out for 4 h at 37°C. The cells were harvested by centrifugation at 10,000 x g for 10 min.
Preparation of crude extracts and enzyme assays. Crude extracts were prepared as previously described (5) . Nicotinamidase was measured as described by Pardee et al. (15) . NAPRTase was measured as described by Imsande (9 Table 2 indicate that neither nucleotide had any effect on either enzyme. Thus, as with E. coli, feedback inhibition apparently is not used to control NAPRTase or nicotinamidase in S. typhimurium. One problem with the data obtained using NAD is the possibility that significant degradation of NAD may occur in crude extracts. However, absolutely no change in NAPRTase activity occurred in the presence of 1 mM NAD. Degradation of NAD would have to occur at an extremely rapid rate to account for the lack of any measurable effect on NAPRTase or nicotinamidase activity.
End-product repression. Repression of NAPRTase and nicotinamidase was first examined using extracts prepared from strain HU180 grown in increasing concentrations of NA and NAm. The activities of these enzymes were assayed and the results are presented in Tables 3  and 4 . Neither NA nor NAm repressed nicotin- amidase activity (Table 3) ; however, both pyridine compounds caused the repression of NAPRTase (Table 4) (5, 14) , why then did NMN not repress NAPRTase in the pncA strain as well as the pncA' strain? One possible explanation is that neither of these nucleotides is taken up readily by these cells under the conditions imposed. To test this hypothesis, generation times were obtained from a nadA and a nadA pncA strain of S. typhimurium grown on several PNC intermediates at several concentrations. Figure 3 illustrates the effect of various generation times on NAPRTase activity. The results were obtained by changing the concentration of NA available to a nadA mutant and measuring the resultant generation time and NAPRTase activity. Repression was not observed until a generation time of 60 min was .C~~~~~~~~~~~0 resulted in a generation time greater than 60 min when the nadA pncA strain was tested. Therefore, NMN must not be transported as readily by the nadA pncA mutant as it is by the nadA mutant. These results indicate that the major transport mechanism for NMN is NMN glycohydrolase, which is membrane bound (1). This mechanism involves the degradation of NMN to NAm during transport. NMN deamidase is probably not membrane bound. Therefore, when the glycohydrolase transport mechanism cannot be used, NMN must diffuse across the membrane before encountering NMN deamidase. This diffusion would appear to be the rate-limiting step. Similarly, since 10'4 M NAMN did not produce generation times of less than 60 min, the enzyme desamido-NAD pyrophosphorylase may not be membrane bound either. Higher concentrations of these compounds could not be used due to the leaky nature of the pncA mutation and the greater chance, especially with NAMN, of growth-supporting amounts of NA contaminating the preparation.
Effect of 6-ANA and 6-ANAm on NAPRTase activity. 6-ANA and 6-ANAm are analogs of NA and NAm, respectively, which inhibit the growth of wild-type S. typhimurium. Mutants of S. typhimurium lacking nicotinamidase are resistant to 6-ANAm but remain sensitive to 6-ANA (5). Mutants resistant to both analogs characteristically possess reduced levels of NAPRTase (5). Cobb et al. (3) have provided evidence that 6-ANA is metabolized by the enzymes of the PNC and is converted to 6-aminoNAD. 6-AminoNAD does not function in oxidation-reduction reactions (16) but is known to inhibit several pyridine nucleotide-linked dehydrogenases (4). Therefore, it was of some interest to determine whether 6-aminoNAD could also generate a repression signal. The evidence presented in Table 7 shows that it does. Furthermore, 6 -ANAm did not repress NAPRTase in the twopncA mutants tested (JF49 and JF57). On the other hand, 6-ANA generated a strong repression signal. This evidence suggests that these analogs must be converted to 6-aminoNAD to cause repression of NAPRTase. (Tables 2 and 3 ). NAPRTase, although apparently not under allosteric control (Table 2) , is repressed by various intermediates of the PNC (Tables 4 and 5 ). Derepressed levels of this enzyme are found to be 6-to 10-fold higher than repressed levels. The concentration of exogenously supplied pyridine nucleotides necessary to generate a repression signal is that concentration that will result in a generation time for a nadA mutant of less than 60 min (Fig.  3) . Maximum repression is not realized until the amount of nucleotide used reaches the concentration that will result in the minimal generation time shown by a nadA mutant (35 min). The data presented reinforce the theory that NAD is the corepressor molecule, since NAm and NMN had to be recycled through the PNC before they would cause repression (Table 5) .
Experiments with the analogs 6-ANA and 6-ANAm (Table 7) reveal that they also must be converted to the corresponding NAD analog, 6- aminoNAD, before repression occurs. Therefore, although 6-aminoNAD cannot function as a cofactor in oxidation-reduction reactions (16) , it can generate a repression signal for NAPRTase in Salmonella. Previous workers have shown that these analogs can repress QA synthetase in E. coli (2, 8, 17) . However, it was not determined whether repression was due to the analogs per se or to the conversion of the analogs to 6-aminoNAD. This paper presents evidence that these analogs must be converted to analogs of NAD to exert their effect.
Lundquist and Olivera (13) have proposed that the regulation of NAD metabolism involves the interconversion of NAD and NADP. During exponential growth, they have calculated the NADP-to-NAD ratio to be approximately 0.3 in E. coli. The synthesis of excess NAD from NA supplied in the culture medium would tend to decrease this value. One mechanism for maintaining an appropriate NADP-to-NAD ratio would be for excess NAD to be degraded and excreted into the culture medium. A normal cell could perform this function by simply repressing the synthesis of NAPRTase while degrading the excess NAD to NMN, NAm, and, finally, NA. This NA, or at least a large portion of it, would then be released into the culture medium due to the repressed activity of NAPRTase. Thus, excess NAD would be removed from the intracellular pool, restoring the proper ratio of NADP to NAD. The data presented in this paper provide substantial support for this theory.
